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Why georeferencing matters: Introducing a practical protocol 
to prepare species occurrence records for spatial analysis






















Species	 Distribution	Models	 (SDMs)	 are	widely	 used	 to	 understand	 environmental	
controls	on	species’	ranges	and	to	forecast	species	range	shifts	in	response	to	climatic	
changes.	 The	 quality	 of	 input	 data	 is	 crucial	 determinant	 of	 the	model’s	 accuracy.	
While	museum	records	can	be	useful	sources	of	presence	data	for	many	species,	they	








ing:	 (1)	 trained	 using	 all	 publicly	 available	 herbarium	 records	 of	 the	 species,	minus	
outliers	(2)	trained	using	herbarium	records	claimed	to	be	previously	georeferenced,	
and	 (3)	 trained	 using	 herbarium	 records	 that	 we	 have	 manually	 georeferenced	 to	
a	≤	1-	km	resolution	using	the	SAGA	protocol.	Model	predictions	of	suitable	habitat	for	
S. austromontana	differed	greatly	depending	on	georeferencing	level.	The	SDMs	fitted	
with	 presence	 locations	 georeferenced	 using	 SAGA	 outperformed	 all	 others.	




sent	 a	 simple,	 standardized	 georeferencing	 method	 to	 be	 adopted	 by	 curators,	
ecologists,	and	modelers	to	improve	the	geographic	accuracy	of	museum	records	and	
SDM	predictions.
K E Y W O R D S
biogeography,	botany,	georeferencing,	GIS,	herbarium	records,	museum	collections,	Species	
Distribution	Models
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1  | INTRODUCTION
Climate	change	is	predicted	to	result	 in	massive	species	range	shifts	
and	 population-	level	 extinctions	 (Clark,	 Bell,	 Kwit,	 &	 Zhu,	 2014;	
Hijmans	 &	 Graham,	 2006;	 Thomas	 et	al.,	 2004;	 Thuiller,	 Lavorel,	
Araújo,	 Sykes,	 &	 Prentice,	 2005).	 Observing,	 describing,	 and	 fore-
casting	patterns	of	biodiversity	under	changing	climate	conditions	are	
critical	goals	in	the	fields	of	biogeography,	conservation,	and	ecology	





Howell,	&	 Snyder,	 2009).	These	models	 are	 used	 to	 predict	 climate	
change	 impacts	 (Keith	 et	al.,	 2008;	 Serra-	Diaz	 et	al.,	 2014;	 Wiens	
et	al.,	2009),	construct	phylogeographic	patterns	(Forester,	DeChaine,	
&	Bunn,	2013),	 and	guide	efforts	 to	 locate	new	populations	of	 rare	












cies	 occurrence	 records	 and	 climate	 data	 are	 commonly	 used	 tools	
(Bucklin	et	al.,	2015;	Flower	et	al.,	2013;	Guillera-	Arroita	et	al.,	2015;	
Oke	&	Thompson,	2015).	These	models	do	not	include	true	absence	
data,	 nor	 do	 they	 explicitly	 account	 for	 additional	 variables	 such	 as	
interspecies	 interactions	 or	 species’	 dispersal	 abilities	 (Flower	 et	al.,	
2013;	Pearson	&	Dawson,	2003).	Correlative	models	predict	the	re-





selection	 of	 environmental	 variables.	 While	 there	 is	 no	 consensus	
as	to	which	environmental	or	climate	variables	are	to	be	 included	in	
standard	SDMs,	many	agree	that	the	selection	of	variables	can	poten-
tially	 introduce	bias	 (Bucklin	et	al.,	2015).	A	model’s	accuracy	 is	also	








































Most	 herbarium	 and	museum	 records	were	 not	 documented	 by	
collectors	with	 the	 intention	 of	 use	 in	 geographic	modeling,	 result-
ing	 in	many	 potential	 sources	 of	 spatial	 error	 (Bowe	&	Haq,	 2010).	
Recently,	 there	 have	 been	 increasing	 inventories	 of	 so-	called	 geo-
referenced	natural	history	collections	available	 to	 scientists	 (Randin,	
Engler,	 Pearman,	 Vittoz,	 &	 Guisan,	 2009).	 Georeferencing	 is	 the	







Wieczorek,	 2015),	MapSteDI	 (Murphey	 et	al.,	 2004),	 BioGeomancer	
(Chapman	&	Wieczorek,	2006),	and	GEOLocate	 (Rios	&	Bart,	2010).	
The	two	main	branches	of	georeferencing	methods	are	manual	geo-
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are	 the	 consequences	 of	 using	 occurrence	 data	 of	varying	 levels	 of	
spatial	 accuracy	 to	 inform	 present	 and	 future	 SDMs	 for	 a	 high-	
elevation	 plant?	 To	 address	 this	 question,	 first	 we	 outline	 a	 stan-
dardized	 method	 of	 georeferencing	 occurrence	 records	 specifically	
for	 building	more	 useful	 SDMs,	 the	 Spatial	Analysis	Georeferencing	
Accuracy	(SAGA)	protocol.	Next,	to	demonstrate	the	importance	of	a	
standardized	process,	we	built	current	and	future	SDMs	in	MAXENT	










limited,	 range	and	extensive	herbarium	records	 (Figure	1).	First,	 this	
plant	 is	 endemic	 to,	 but	widely	 distributed	 across,	mountainous	 re-
gions	 of	 western	 North	 America	 from	 30	 to	 55	 degrees’	 latitude	






2.2 | Historical herbaria record data
We	 compiled	 a	 complete	 “Original”	 (O)	 dataset	 of	 herbarium	 re-
cords	for	S. austromontana.	 In	May	2015,	we	downloaded	all	search	
records	 for	 “Saxifraga austromontana”	 and	 its	 taxonomic	 synonym	
“Saxifraga bronchialis”	from	the	Consortium	of	the	Pacific	Northwest	
Herbarium,	Consortium	of	 Intermountain	Herbarium,	Consortium	of	
Rocky	Mountain	Herbarium,	 SEINet,	 and	Canadensys.	We	 included	
additional	 records	 from	 the	 Pacific	 Northwest	 Herbarium	 (WWB),	
University	 of	Washington	 Herbarium	 (WTU),	 University	 of	 Oregon	
Herbarium	 (ORE),	Mount	 Rainer	 National	 Park	Herbarium	 (MORA),	
















































Forester	et	al.	(2013) Online	herbarium	records 50	km “georeferencing	was	evaluated	for	accuracy”
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The	O	dataset	was	edited	to	omit	duplicate	records	and	extreme	
outliers.	Duplicate	records	across	herbaria	were	found	using	accession	











by	 other	 herbaria	 using	 a	 variety	 of	 methods.	We	 omitted	 outliers	
and	duplicates,	 as	 above,	 and	 removed	 records	with	 coordinate	un-
certainty	 listed	as	>1	km.	The	 final	PG	dataset	 includes	525	unique	
herbarium	records	(Figure	2).
The	 “Newly	 Georeferenced”	 (NG)	 dataset	 includes	 all	 historical	
herbarium	records	from	the	O	dataset	that	we	were	able	to	manually	
georeference	 to	 a	 1-	km	or	 finer	 resolution.	To	 conduct	 this	manual	







such	 as	 Google	 Earth,	 USGS	 Topographic	 Maps,	 and	 the	 Atlas	 of	
Canada	to	ensure	accurate	geographic	coordinates.	Each	record	must	
be	reviewed,	either	 through	the	online	database	 it	was	downloaded	
from	 or	 by	 physically	 examining	 the	 herbarium	 specimen.	 All	 loca-
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2.3 | Species distribution models
We	 intentionally	 did	 not	 use	 all	 SDM	 approaches	 or	 an	 ensemble	
approach,	 but	 rather	 a	widely	 used	 robust	method	 to	 demonstrate	
the	need	for	and	utility	of	the	standardized	georeferencing	protocol	
we	 present.	We	 built	 SDMs	 using	 the	MAXENT	 Software	 (Phillips,	
Anderson,	&	Schapire,	2006),	one	of	the	most,	if	not	the	most,	widely	
used	 SDM	 platforms	 (Fourcade	 et	al.,	 2014;	 Guillera-	Arroita	 et	al.,	
2015;	Merow,	Smith,	&	Silander,	2013).	MAXENT	is	built	on	machine	






landscape.	 In	contrast	 to	a	 true	presence–absence	model,	MAXENT	
estimates	 habitat	 suitability	 by	 contrasting	 environmental	 factors	 at	
presence	 points	 with	 thousands	 of	 randomly	 selected	 background	
points	throughout	the	study	region	(Guillera-	Arroita	et	al.,	2015).	We	
followed	MAXENT	best	practices	(Merow	et	al.,	2013)	to	build	SDMs	
for	 S. austromontana	 using	 three	 categories	 of	 georeferenced	 data.	
Our	models	 are	 intentionally	 simple	 to	 demonstrate	 the	 underlying	
importance	of	georeferencing.
2.4 | Climate variables
We	 used	 monthly	 PRISM	 data	 (Daly	 et	al.,	 2008)	 for	 the	 refer-















were	 preselected	 from	 the	 complete	 list	 available	 for	 ecological	
relevance	 to	 our	 taxa	 and	 similar	 high-	elevation	 species	 (Körner,	
1995,	2003).	Next,	we	further	reduced	variables	to	eliminate	highly	
correlated	parameters	(Pearson’s	r	>	|0.75|),	Table	3.	To	decide	be-





tions	 were	 obtained	 from	 ClimateWNA	 using	 an	 ensemble	 of	 23	
Atmosphere-	Ocean	General	Circulation	Models	 (AOGCMs)	 of	 the	
Coupled	Model	Intercomparison	Project	phase	3	(CMIP3)	under	the	







Confidence GPS Resolution (radius) Description Example accession nos
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2.5 | Background selection
We	limited	the	geographic	background	to	locations	within	the	likely	
dispersal	 range	 of	S. austromontana.	We	 trimmed	 the	 region	 extent	
for	the	reference	period	to	the	northern	border	of	British	Columbia,	
the	 southern	 border	 of	 the	 United	 States,	 and	 150	km	 east	 of	 the	
Rocky	Mountains.	Saxifraga austromontana	has	been	extensively	col-







referencing	 categories	 captured	 the	 same	 climatic	 envelopes,	 we	





a	Bonferroni	correction	 to	account	 for	multiple	 testing,	dividing	the	
alpha	of	0.05	by	3	for	a	final	alpha	of	0.017.	We	used	an	unrotated	
PCA	 to	 evaluate	 the	 climate	 space	 represented	 by	 the	 three	 levels	
of	 georeferenced	 data.	We	 incorporated	 all	 climate	 variable	 values	
at	all	presence	 locations	 (O,	PG,	and	NG	combined)	 in	our	PCA	and	
extracted	the	first	 two	principal	components.	All	statistics	were	run	
using	 R	 ver.	 3.1.2	 (R	 Core	 Team,	 2015)	 and	 plotted	 using	 ggplot2	
(Wickham,	2009).
2.7 | MAXENT model settings
All	 SDMs	 were	 run	 using	 the	 version	 3.3.3k	 of	 MAXENT	 (http://














probability	 that	 a	 randomly	 chosen	presence	point	 is	 ranked	higher	
than	 a	 random	 background	 point,	 and	 is	 penalized	 for	 predictions	
outside	of	presence	locations	(Merow	et	al.,	2013).	A	high	AUC	value	
(>0.8)	 indicates	 that	models	 can	properly	distinguish	between	pres-
ences	and	random	background	samples.	Although	the	AUC	has	been	





lative	 logistic	 threshold,	which	defines	a	binary	 response	of	suitable	
or	nonsuitable	habitat	from	a	continuous	output	(Merow	et	al.,	2013).	























MCMT: Mean	temperature	of	the	coldest	month	(°C) 10.3 7.8 14.6
MWMT: Mean	temperature	of	the	warmest	month	(°C) 13 2.3 9.8

























by	 their	 location	 in	 climate	 space,	 as	 represented	by	principal	 com-
ponents	 (PC)	axes	1	and	2.	PC1	and	PC2	extracted	 from	all	climate	
variables	at	all	presence	locations	explain	49.71%	and	27.26%	of	the	
total	 variance,	 respectively	 (Figure	4).	 Ecologically,	 increasing	 PC1	
can	be	 interpreted	as	 representing	greater	growing	season	moisture	
availability	(more	precipitation	as	snow	(PAS),	higher	summer	moisture	





































variable	 (Table	3).	 The	 larger	 geographic	 ranges	predicted	by	 the	O	






racy	of	 species	occurrence	 records	 for	use	 in	SDMs.	We	employed	
the	 most	 commonly	 used	 SDM	 tool,	 MAXENT,	 and	 our	 findings	








coverage	 of	 those	 records	 and	 refining	 the	 climatic	 envelope	 they	
capture.
Although	 all	 three	 of	 our	 SDMs	 had	 high	 validation	 statistics	
(AUC	>	0.88),	 the	 SDMs	 constructed	 using	 the	 O	 and	 PG	 datasets	
captured	 significantly	 different	 climatic	 envelopes	 for	 S. austromon-




likely	 be	 used	 in	 an	 analysis	 that	 does	 not	 preprocess	with	manual	
georeferencing.	For	example,	on	the	Olympic	Peninsula	of	Washington	



























the	 species’	 occupied	 climate	 space.	Thus,	 the	NG	dataset	provides	
a	more	realistic	estimate	of	the	climatic	conditions	in	which	S. austro-
montana	exists:	a	cooler,	wetter	environment	with	a	shorter-	growing	
season	 (Figure	4).	 Those	 conditions	 are	 more	 consistent	 with	 the	
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regions	that	have	been	well-	documented	botanically	and	do	not	cur-
rently	contain	S. austromontana.	 Interestingly,	 the	O	dataset	 is	more	
accurate	than	the	PG	in	predicting	the	range	on	the	Olympic	Peninsula	





It	 is	 important	 to	 note	 that	 all	 models	 (O,	 PG,	 and	NG)	 predict	
habitat	 outside	 of	 the	 known	 range	 of	 S. austromontana, including 









and	NG	datasets	 are	 even	more	pronounced	 for	 future	 predictions.	
Our	results	are	based	on	relatively	simple	model	settings	and	should	
be	treated	as	a	visualization	of	the	effects	of	georeferencing	methods	
and	 coordinate	 accuracy	 on	 extrapolated	 future	 ranges,	 rather	 than	
as	precise	future	predictions.	The	NG	SDM	estimates	a	65.7%	reduc-
tion	 in	 suitable	habitat	by	2080,	while	 the	SDMs	constructed	using	







Dataset Original Previously georeferenced Newly georeferenced
AUC 0.888 0.914 0.914
Reference	Period	(km2) 913,695 775,270 653,898
Future	2080s	(km2) 623,044 462,658 231,376
Lost	(km2) 477,235 447,353 461,758
Gained	(km2) 186,584 134,741 39,236
Maintained	(km2) 436,460 327,917 192,140
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the	A2	emission	scenario.	The	NG	models	are	more	consistent	with	
other	 studies	 on	 alpine	 taxa	 that	 forecast	 a	 40%–80%	 reduction	 in	
suitable	habitat	by	the	end	of	the	century	(Dirnböck,	Essl,	&	Rabitsch,	


























&	Wieczorek,	 2015;	 GeoLocate	 2016)	 to	 be	 frequently	 misleading,	
often	 adding	 an	 element	 of	 sampling	 bias	 by	 assigning	 coordinates	
for	collections	taken	in	the	mountains	to	the	nearest	town.	For	exam-
ple,	we	tested	the	utility	of	the	GeoLocate	Web	Application	Standard	
Client	 to	 assign	 a	 coordinate	 to	 the	 locality	 string	 “West	Ute	 Lake,	
Weminuche	Wilderness,”	Country:	“United	States	of	America,”	State:	
“Colorado,”	 County:	 “Hillsdale.”	 The	 program	 assigned	 a	 coordinate	
with	 an	 uncertainty	 code	 of	 301	m	 to	 37.466673,	 −106.978932,	








2015;	 Fois,	 Fenu,	 Lombraña,	 Cogoni,	 &	 Bacchetta,	 2015;	 Forester	
et	al.,	 2013;	 Lenoir,	 Gégout,	 Marquet,	 De	 Ruffray,	 &	 Brisse,	 2008;	
Newbold,	 2010).	 SDMs,	 especially	 those	 implemented	 in	MAXENT,	







low-	accuracy	 location	 data	 capture	 a	 significantly	 broader	 climate	
envelope,	predict	a	more	widespread	spatial	distribution,	and	predict	
less	 loss	under	 climate	 change	 scenarios	 than	SDMs	 trained	on	 ac-
curate	 collection	 records.	 Conservation	 and	management	 decisions	
























provided	 valuable	 feedback.	 Mathew	 Kneipp,	 Caroline	 Baber,	 and	
Jennifer	Mullins	assisted	in	georeferencing	and	managing	herbarium	
records.	Funding	was	provided	by	 the	National	Science	Foundation	
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